Inositol is present at high (millimolar) concentrations in the brain (Lubrich et al., 1997), such that a modest reduction in its concentration does not necessarily mean it has become a limiting metabolite. When inositol becomes limiting in the synthesis of phosphatidylinositol (PI) by PI synthase, cytidine diphosphoryl-diacylglycerol (CDP-DAG) accumulates, and particularly so when a cell (or brain slice) has been activated to produce IP 3 and DAG from PIP 2 (PI turnover) in the presence of lithium (Godfrey, 1989 ; Stubbs and Agranoff, 1993). CDP-DAG accumulation is therefore a surrogate marker for functional inositol depletion, and it is readily measurable by radiolabeling with 3 H-cytidine. Stimulation of PI turnover via agonism of muscarinic receptors with carbachol is one approach that has been used widely to study the PI pathway and can similarly be used to study modulation of neuronal (and brain) signaling caused by inhibition of IMPase, in this case by lithium. Stubbs and Agranoff have demonstrated accumulation of CDP-DAG in acute (1-2 hr) studies using cross-chopped slices of adult rat cortex treated with carbachol and LiCl (Stubbs and Agranoff, 1993). Adult rat cortical slices thus constitute a potential model for profiling the gene regulatory consequences of inositol depletion where the treatments used can be directed by a relevant biochemical marker, i.e., CDP-DAG.
Results

Acute Rat Brain Cortical Slices as an Ex Vivo Model of Brain Inositol Depletion
There is little precedent for extended, multiday culture of adult rat cortical slices. Therefore, we selected 24 hr as a time frame which would be long enough for gene expression changes to occur, but short enough that the slices could survive while still being relevant to the clinical disorder. This time frame is relevant because although symptomatic relief takes 5-10 days to occur, we expected, based on literature precedent, that inositol depletion would occur rapidly in the presence of carbachol and LiCl (e.g., <1 hr), leaving almost the entire time course for gene expression change. In contrast, symptomatic relief requires several events, including drug accumulation, biochemical change, gene regulatory change, and manifestation of benefit, each of which may take 1-2 days or more. To characterize the experimental system, we measured CDP-DAG accumulation with different treatments and at different times, The goal of the experiment was to identify genes that dium containing 2 mM LiCl as described in the Experimental Proare regulated as a consequence of inositol depletion cedures section. Tritiated cytidine, carbachol, and inositol were due to blockade of inositol phosphatases by lithium in added as described for each panel, t = 0 being the time at which the slices were dispensed to the medium. At the indicated time, the tissue was removed and CDP-DAG estimated as the amount of organic solvent-extractable radioactivity. Statistical analysis was Data shown are means (n = 3) ± SD. (C) Where indicated in the performed using ANOVA followed by Tukey's post test: *p < 0.01 figure, 10 mM inositol was added at t = 0, 10 Ci of the presence of an agonist that activates the PI pathway. Such genes would be up-or downregulated by treatment with LiCl and carbachol versus LiCl alone, and that regulation would be wholly or partially prevented by addition of excess inositol. Therefore, we measured accumulation of CDP-DAG in fresh and DIV1 slices treated with such combinations of LiCl, carbachol, and inositol ( Figure 1 ). Concentrations of lithium associated with efficacy in bipolar disorder are in the 0.5-1.5 mM range (Lenox and Manji, 1998) . In the presence of 2 mM LiCl, treatment of fresh slices with 50 M carbachol caused a robust accumulation of CDP-DAG, which was completely prevented by inclusion of 10 mM inositol in the culture medium ( Figure  1A ). The same pattern of CDP-DAG accumulation was observed when the same treatments were applied at DIV1, although the amount of radioactivity measured in the slices treated with LiCl and carbachol was less than in fresh slices ( Figure 1B ). These data indicate that the biochemical function of the slices is preserved at DIV1. We also investigated the time course of CDP-DAG accumulation ( Figure 1C ). Fresh slices were labeled with 3 H-cytidine and treated with combinations of LiCl, carbachol, and inositol, and the amount of CDP-DAG was measured (as radioactivity) at 1 or 22 hr after addition of carbachol. The amount of CDP-DAG in slices treated with LiCl + carbachol appeared to be elevated after 22 hr compared to LiCl alone, or LiCl + carbachol + inosi- Preliminary studies found that total RNA isolated from slices maintained in the presence of 1 mM LiCl was of consistent and acceptable quality (28S/18S outer cortical regions under all conditions (due to ease ratio > 0.8, Rosetta Bioinformatics standard quality of identification of this region) to compare the number control metric), whereas total RNA isolated from slices of nuclei labeled for each treatment. Representative maintained in the absence of LiCl was always severely maximum projection images illustrate nuclear staining degraded and low in yield (data not shown). We took of freshly isolated brain slices stained with Hoechst or this to be a manifestation of the well-documented propropidium iodide ( Figure 3A) . We observed Hoechst tective properties of LiCl against neurotoxic insults staining up to 60-80 m within slices, while propidium such as those that occur during slice preparation, e.g., iodide penetrated slices only to a depth of 30-40 m, hypoxia and glutamate release (Jope and Bijur, 2002;  and so z series of images were obtained only to a depth Nonaka et al., 1998; Ren et al., 2003), and as a positive of 40 m for both staining conditions ( Figure 3B ). It indication of slice viability. This led us to the treatment should be noted that the surface of the slice was exset design used in the experiments noted so far (LiCl, pected to contain a substantial proportion of nonviable LiCl + carbachol, LiCl + carbachol + inositol) instead of cells due to the mechanical trauma of slice preparation the intuitive configuration (carbachol, carbachol + LiCl, and that this method is limited in that it does not give carbachol + LiCl + inositol). Analysis of RNA samples information about the viability of cells deeper within the from slices from one of the two animals that were used slice (total 350 m). The considerable variability in the in the microarray study described below are shown in number of Hoechst-labeled cells (i.e., total cell number) Figure 2 . ANOVA found no significant effect (p > 0.05) per image area from slice to slice precluded reliable of treatments on yield or 28S/18S ratio for this sample estimation of the viable to nonviable ratio ( Figure 3C ). set. The same was true for a combined analysis of all Although ANOVA detected a significant difference in six RNA sample sets used in this work.
the number of propidium iodide-stained cells between We attempted to assess the viability of freshly preday 1 LiCl + carbachol + inositol and fresh or day 1 LiCl pared and 1-day-old drug-treated brain slices by stainslices, the data do not point to a progressive deterioraing them with propidium iodide, a membrane-impermetion during the 24 hr incubation or deterioration specifi- each sample. Differential expression in the test sample versus LC reference sample was expressed as the logarithm of the ratio of signal in the sample channel to in rat brain cortical slices maintained in the manner designal in the control pool channel (log ratio). A reporter scribed, and perturbed with the treatments described, is defined as the 60-mer oligonucleotide that is present integrity and function at DIV1 was sufficient to warrant on the microarray chip. A single gene may be repreproceeding with the microarray analysis of the RNA sented in the array by more than one reporter. As a samples collected.
preliminary assessment of the microarray data we plotted the number of reporters for which the mean log Microarray Identification of Candidate ratio value was significantly different than zero (i.e., difInositol-Regulated Genes ferentially regulated compared to the pool-of-LC referThe three different treatments, 2 mM LiCl (L), 2 mM LiCl + ence sample) with an associated p value less than a 50 M carbachol (LC), and 2 mM LiCl + 50 M carset number over a range of arbitrarily set p values (Figure 4) . This analysis immediately told us that the numbachol + 10 mM inositol (LCI), were carried out with bers of statistically significant differences between L ylated alanine-rich C-kinase substrate (MARCKS) protein has been reported to be regulated by lithium in an inosiand the pool-of-LC reference sample, and between LCI and the pool-of-LC reference sample were many fold tol-dependent manner in immortalized hippocampal (HN33) cells (Wang et al., 2001 ). The MARCKS gene, greater than the differences between LC and the poolof-LC reference sample (false positives) irrespective of the rat homolog being MARCKS-like protein (Mlp), was not found to be regulated by inositol depletion in this the stringency of analysis. We also performed clustering analysis of the individual samples by log ratio value study. The microarray used included two separate reporters for Mlp. across reporters ( Figure S1 in the Supplemental Data available with this article online). This analysis told us that the variability between animals/day-of-experiment
Validation of Candidate Inositol-Regulated Genes was greater than the variability between treatment repUsing Real-Time Quantitative PCR licates from a single animal.
The functionally annotated genes were selected for Given the properties of the microarray data, we confirmation using real-time quantitative PCR (RT-QPCR), elected to analyze the data segregated by animal as as well as two of the nonannotated sequences where well as analyzing the combined data set. Note that the the microarray data was highly statistically significant above analyses consider comparisons of treatment (LOC286960 and LOC140610). For RT-QPCR analysis, replicates versus LC reference pool and therefore do we prepared new, independent RNA samples: four aninot take into account the variability in the LC treatment mals × three treatments × three biological replicates per group. To identify regulated genes for further analysis, animal. The yield of RNA from individual samples we must take the variability in the LC treatment group (average 2.1 g total RNA) was insufficient for RTinto account by comparing the log ratio values from the QPCR analysis of 64 genes (60 test genes and 4 in-L group versus the log ratio values from the LC group, ternal reference genes), so we amplified messenger and similarly for the LCI group versus the LC group. A RNAs using the aRNA method originally devised by Ebpurely biological feature of this experiment is that inosierwine (Phillips and Eberwine, 1996) . Three samples tol-responsive genes will only be regulated in those were not carried forward to RT-QPCR analysis because cells in the slice preparation where inositol is depleted, of no product or very low yield from the aRNA amplifialthough secondary effects reaching other cells are cation procedure. Two of the annotated genes (Cxadr possible. We therefore expect that any regulation will and Sat) were not included in the study because the be diluted against the total compliment of mRNA for RT-QPCR assay did not work in a pilot trial. that gene present in the slice. Based on these considerThe RT-QPCR results are given in Table S3 . Correlaations and on the preliminary characterization of the tion between the RT-QPCR results and the microarray data, we set the following criteria for a reporter/gene to results was rather modest ( Figure S3 ), but we attribute be considered "of interest": this to a high false-positive rate anticipated from our statistical cut-off values used in analysis of the microarray data and to the small fold changes measured 1. p < 0.05 for both L versus LC and LCI versus LC (average of 1.6-fold in either direction for candidate inoin the data from the two animals combined. sitol-regulated genes) rather than poor data quality. At 2. p < 0.224 (square root of 0.05) for both L versus LC this stage of the study, we were concerned to minimize and LCI versus LC in the data from each animal. the false-positive rate, that is, to be highly confident 3. Fold change R 1.3 up or down (but in the same that the genes identified are specifically regulated by direction) for L versus LC and LCI versus LC in the inositol depletion caused by LiCl and carbachol treatdata from the two animals combined. ment. To this end, we set the following two criteria: We set rather low stringencies for individual comparisons and did not correct for multiple testing expecting 1. p < 0.025 for both LC versus L (inositol depletion) and LCI versus LC (inositol repletion). that the false-positive rate would instead be minimized to a degree by the requirement for coincident regulation 2. Fold change R 1.3 up or down (but in the opposite direction) for both LC versus L and LCI versus LC. above the threshold magnitude (fold change R 1.3) in both the L versus LC and LCI versus LC comparisons.
Twenty genes out of the 60 tested satisfied these criAlso, because we intended to do a confirmation study using real-time quantitative PCR, we were less conteria and are shown above the line in Table 1 . Genes below the line do not meet the criteria set out above, cerned about minimizing false positives, but we were keen to minimize false negatives. The second criterion but still had p values < 0.05 for both comparisons and so were not dismissed. As noted above in considerwas included to avoid reporters/genes being indicated as significant in the aggregate solely on the basis of ation of the correlation between the RT-QPCR data and the microarray data, this confirmation rate reflects the data from a single animal.
The criteria were satisfied for 173 reporters (171 low stringency deliberately set for identification of candidate inositol-regulated genes in the microarray porgenes). Probe sequences, gene symbols, and microarray results for all these genes are listed in Table S1 , and tion of the study. All of the confirmed genes were upregulated by inositol depletion and downregulated a heatmap showing clustering by sample and by gene illustrates those data ( Figure S2 ). These were considby inositol repletion, but not down-and upregulated, respectively. We are not aware of any bias or systemered candidate inositol-regulated genes. Among the 171 genes, 60 are known or could be annotated with confiatic error in the experiment, the technology, or the data analysis that would favor detection of genes upregudence using public database information. The myristo- lated by inositol depletion over downregulated genes. AFM178XC3) at chromosome 18p11.3, which was in linkage disequilibrium. Human SLC26A3 is located at It is quite possible that this is a real biological phenomenon, and presently we have no reason not to believe chromosome 7q31, and is 0.97 MB from D7S501 (STS marker AFM199VB2), which was identified as a risk lothis interpretation. Table 2 Among the genes identified, we considered ADCompared to many microarray studies, the number of genes confidently identified as regulated in this CYAP1 especially interesting because it is a brain neuropeptide signaling molecule and because it is located study may be deemed small. Several factors may contribute to this, including the high stringency that we set close to a bipolar disorder risk locus on chromosome
(McInnes et al., 2001
). ADCYAP1 is the gene for pitufor confirmation and heterogeneity of the slice preparation leading to dilution of signal from cell type-specific itary adenylate cyclase activating polypeptide (PACAP), which is a brain neuropeptide that shares homology events. Perhaps more significant though, the conditions of the study are rather specific in that to be called with vasoactive intestinal polypeptide (VIP) and acts through three different GPCRs (Vaudry et al., 2000) . Al-"regulated," a gene must be regulated by the action of carbachol in the presence of LiCl, and that regulation though originally associated with the hypothalamus, subsequent studies showed widely distributed CNS exmust be wholly or partially prevented by the addition of inositol. Because of these stringent conditions, and pression, including the cerebral cortex, indicating a broader role than its name suggests (Mikkelsen et , 1990 ). An independent knockout line associated with certain lithium-sensitive behaviors was found to be cold sensitive, and results suggested using wild-type and GSK3β mutant mice. Their data that this was due to defects in catecholamine synthesis point to GSK3β as the relevant target of lithium in the and thermoregulation (Gray et al., 2002) . The Drosophforced-swim test, which is a widely recognized preila homolog of PACAP is amnesiac, for which loss-of- random 9-mers. Four pmol of T7T18VN primer were added, and the entire mixture was evaporated using an evaporative centrifuge Total RNA was extracted and purified from slices using the Qiagen RNeasy purification kit. Slices were rinsed with 1 ml cold PBS at 50°C. The cDNA:cRNA and primer were rehydrated with 10.5 l of and transferred to a new tube with 0.6 ml kit lysis buffer. Slices were homogenized using a hand-held homogenizer (PowerGen water followed by heating the sample to 65°C for 10 min, followed by cooling to 4°C for 5 min. The following components were added 125, Fisher) for 3 × 10 s on ice. RNA was purified following the manufacturer's instructions, but with an additional DNase I treatto the concentrations listed in a final reaction volume of 20 l: 50 mM Tris (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 4 U/l RNAGuard, 0.5 ment using the Ambion DNA-free kit following the manufacturer's instructions. RNA was finally eluted in 40-50 l diethylpyrocarbomM each dNTP (dATP, dCTP, dGTP, dTTP), 1.0 ng/l random hexamers, 10 mM dithiothreitol, and 2.5 U/l MMLV-RT. This reaction nate-treated (DEPC) water. RNA concentration was measured by UV spectrophotometry, and RNA quality was measured using Agwas incubated for 2 hr at 40°C to denature the cRNA and generate double-stranded cDNA. The enzyme was denatured by heating the ilent's 2100 Bioanalyzer and RNA 6000 Nano LabChip.
Brain slices were stained either immediately after sectioning or reaction at 65°C for 15 min. For the IVT, the total volume of the reaction was increased to 80 l with the following components at after 1 day with various treatments. Slices were rinsed once with KRB/HEPES (KRB as described above, but with 15 mM NaHCO 3 the concentrations listed: 40 mM Tris (pH 7.5), 10.0 mM NaCl, 2.0 mM spermidine, 14.25 mM MgCl 2 , 200 U/ml RNAGuard, 2.5 mM and 10 mM HEPES) and incubated at room temperature (RT) either for 5 min in 2.5 ml of 5 g/ml Hoechst 33342 (Molecular Probes) or each (ATP, CTP, GTP), 1.88 mM UTP, 0.6 mM amino-allyl UTP, 7.5 mM dithiothreitol, 25 kU/ml T7 RNA polymerase, and 15 U/ml inorfor 3 min in 2.5 ml of 4 M propidium iodide (Molecular Probes) both in KRB/HEPES. Slices were rinsed once with KRB/HEPES at ganic pyrophosphatase. The label-incorporating IVT reaction was incubated for 16 hr at 40°C. The cRNA from the in vitro transcription RT (Hoechst staining) or three times (propidium iodide staining) and transferred to 6-well plates with fresh KRB/HEPES for microscopy.
reaction was purified using a 96-well Qiagen RNeasy purification kit and quantified using UV spectrophotometer. Slices were imaged using a Bio-Rad Radiance 2100 confocal laserscanning system coupled to a Nikon E600FN microscope using a
The final amino-allyl-cRNA was coupled to CyDye molecules, fragmented, and hybridized to custom 60-mer oligonucleotide 40× water-immersion objective. Propidium iodide was imaged using one-photon excitation with a 543 nm Green HeNe laser, and microarrays (Agilent) as described (Hughes et al., 2001 ). Each sample was separately coupled to Cy3 and Cy5 and hybridized to the emitted light was collected using a 570 nm long-pass filter. Hoechst dye was excited using two-photon excitation at 780 nm from a oppositely coupled control sample. Thus, each pair of samples was analyzed on two separate microarrays, termed a fluor-reversed pair Coherent Mira-verdi laser source, and emitted light was collected using a 410-490 nm bandpass filter. Infrared light was blocked from (FRP). The arrays were scanned using an Agilent DNA Microarray Scanner, and array images were analyzed using custom Matlab reaching the PMT using a 625 nm short-pass filter. Images were acquired at 2 m intervals. A single maximal-intensity projection programs. image was processed using Image-Pro to count bright objects, corresponding to nuclei. The number and diameter of positively Microarray Data Analysis stained nuclei were quantified in 155 × 155 m regions.
The general quality of the hybridizations was excellent. However, five samples were hybridized to new arrays when their initial hybridizations did not meet our stringent standards. Since the expresMicroarray Profiling sion data from the new hybridizations were highly correlated with The protocol used for sample amplification and labeling utilizes two data from the initial hybridizations, to gain precision we calculated rounds of a modified MMLV-RT-mediated reverse transcription proweighted averages between the two, with weights based on the tocol (Shannon, 2000) . All samples were processed in parallel using reciprocal of the estimated measurement variance, and used the a Biomek FX liquid-handling robot. DNase-treated total RNA samweighted averages for all downstream analysis. Any reporter that ples were quantified using RiboGreen (Molecular Probes) as defailed to give reliable data for five or more samples was deemed scribed by the manufacturer. One hundred ng of total RNA and 0.4 unreliable and not analyzed. pmol of T7T18VN primer (5# AATTAATACGACTCACTATAGGGAG An analysis of variance (ANOVA) model was fit separately to the ATTTTTTTTTTTTTTTTTTVN 3#, V = G, C, or T; N = A, G, C, or T) log ratios (Treatment versus LiCl + carbachol reference pool) for were combined and brought to a final volume of 10.5 l with water. each of the remaining 23,251 reporters. The ANOVA model conThe RNA was denatured, and the primer was annealed by heating tained terms for both treatment (LiCl, LiCl + carbachol, or LiCl + the sample to 65°C for 10 min followed by cooling to 4°C for 5 min.
carbachol + inositol) and animal (1 or 2). Estimates of differences The following components were added to the concentrations listed (or fold changes) were obtained from the means calculated in the up to a final reaction volume of 20 l: 50 mM Tris (pH 8.3), 75 mM ANOVA fit. Tests of significance were performed using a t statistic KCl, 3 mM MgCl 2 , 4 U/l RNAGuard, 0.5 mM each dNTP (dATP, constructed from these difference estimates and an empirical dCTP, dGTP, dTTP), 1.0 ng/l random hexamers, 10 mM dithiothreibayesian estimate of error (Smyth, 2004). The strength of this aptol, and 2.5 U/l MMLV-RT. The reaction was incubated for 2 hr at proach is that for a particular gene, the error estimate is a combina-40°C to generate double-stranded cDNA. The MMLV enzyme was tion of a gene-specific error estimate and a global error estimate denatured by heating the reaction at 65°C for 15 min. For the first across all the genes. in vitro transcription (IVT), the total volume of the reaction was increased to 80 l with the following components to the final concentrations listed: 40 mM Tris (pH 7.5), 10.0 mM NaCl, 2.0 mM spermi-RT-QPCR Messenger RNA was amplified to produce antisense RNA (aRNA) dine, 14.25 mM MgCl 2 , 200 U/ml RNAGuard, 2.5 mM each NTP (ATP, GTP, CTP, UTP), 7.5 mM dithiothreitol, 25 kU/ml T7 RNA polybased on protocols developed by Eberwine and coworkers (Phillips and Eberwine, 1996) . All 36 samples were processed in parallel. merase, and 15 U/ml inorganic pyrophosphatase. The IVT reaction was incubated for 4 hr at 40°C. The cRNA from the IVT reaction Total RNA (0.8 g) was used to prepare double-stranded (ds)-cDNA using the SuperScript Double-Stranded cDNA Synthesis kit (Invitrowas purified using the 96-well Qiagen RNeasy purification kit. The cRNA was quantified using UV spectrophotometry and then evapogen) with oligo-dT primers containing a T7 polymerase promoter sequence (5#-GGCCAGTGAATTGTAATACGACTCACTATAGGGAGG rated using an evaporative centrifuge at 50°C.
The cRNA was rehydrated with 10 l of 0.27 g/l random CGGT 24 -3#) following the manufacturer's instructions except that the final concentration of primer was 1 M and we added 0.25 l 9-mers followed by heating to 65°C for 10 min and cooling to 4°C for 5 min. For cDNA synthesis, the reaction volume was increased of 40 units/l RNASEOUT Ribonuclease Inhibitor (Invitrogen 10777-019) in the first strand synthesis step without changing the reaction ences LC versus L and LCI versus LC, based on the error structure of the mixed model. R software (version 1.9.1, http://www.r-project. volume. Product ds-cDNA was purified using the MiniElute Reaction Cleanup kit (Qiagen) following the manufacturer's instructions. org/) and the nlme package (version 7.1-48; Pinhiero and Bates, 2000) were used to perform the analyses. The results of the analyThe AmpliScribe T7 Transcription (Epicentre) kit was used to prepare aRNA by in vitro transcription from the total ds-cDNA from sis are reported in Table S3 , including the derived value for the mean ⌬⌬C t and the standard error of that mean value. The fold each sample according to the manufacturer's instructions with the following exceptions: we scaled up the reaction mixture 2-fold, we change is equal to 2 raised to the power of the numerical value of ⌬⌬C t . used 4 l of 1000 units/l T7 RNA polymerase (Epicentre TH950k) per reaction, and we included 0.5 l of 40 units/l RNASEOUT Ribonuclease Inhibitor in each reaction. The reaction was incubated at 37°C for 4 hr. RNA was purified using the RNeasy Mini kit (QiaSupplemental Data gen). RNA concentration was measured by UV spectrophotometry,
The Supplemental Data and Conflict of Interest Statement that acand RNA quality was measured using Agilent's 2100 Bioanalyzer company this article can be found online at http://www.neuron.org/ and RNA 6000 Nano LabChip.
cgi/content/full/45/6/861/DC1/. One g of aRNA per sample was used to prepare the cDNA PCR template using 1 g random hexamer primer (Invitrogen 48190-011), using the first-strand synthesis portion of the SuperScript 
